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Abstract 
In this work it was simulated the direct steam generation (DSG) in a system of two horizontal parallel pipes by using 
the commercial simulator RELAP. The pipes were 500 m long, internal diameter 5 cm, and wall thickness of 10 mm. 
Pipes were fed with sub-cooled water and the output can be: 1) hot water, 2) a steam-water mixture, 3) overheated 
steam. The flow was at steady state and pipes were undergoing to uniform and concentrated solar heating. Moreover, 
the effect of symmetric and asymmetric heating, on the DSG process, was studied. 
 
RELAP code allowed predicts flow distribution and inlet pressure. Predictions of inlet pressure and flow distribution 
were compared against predictions from literature. The pressure drop calculated by RELAP presented good fitting 
with field data from the Plataforma Solar de Almería (PSA).  
 
The study of flow distribution showed that RELAP is able to get the most stable solutions. It was found that for 
symmetric solar heating, asymmetric flow distribution solutions may be present in the system. Moreover, for 
asymmetric heating the mass flow rate is larger in the pipe with smaller heating. This is an unfavorable condition 
under a practical point of view. The concentrated solar heating does not affect in a considerable way the flow 
distribution in relation to the uniform solar heating; however, it could affect the flow pattern transition along the pipe 
(s). 
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1. Introduction 
The technical feasibility of direct steam generation (DSG) by solar energy using cylindric parabolic 
collectors has been demonstrated in the Plataforma Solar de Almeria (PSA) for the more than 10,000 
operating hours accumulated in the DISS (Direct Solar Steam) system [1], promoting the construction of 
the first pre-commercial plant with DSG technology in Thailand with capacity of 5 MWe. This kind of 
plant has several parallel rows with absorber tubes (placed in the focal line of each collector) in which a 
symmetrical flow distribution is desired. However, to date studies of different parallel pipe systems have 
shown that even when taking symmetric heating conditions in the pipes, the mass flow distribution is 
asymmetric at certain intervals and thus the fluid thermal-hydraulic behavior is different in each pipe. It is 
there where the importance of thorough studies arises in order to enable us to predict a more accurate 
thermal-hydraulic behavior of the fluid in parallel piping arrangement systems.  
 
Several authors [2-8] have analyzed theoretically and experimentally the flow distribution in systems of 
two and four parallel pipes where the feed water is subjected to a symmetric or asymmetric heating 
process, considering pipes of 400 m [2], 6m [3, 4, 6 and 7], 936 m [5], and inclinations of 0 to 30 °. The 
results show that for certain intervals of inlet mass flow there are multiple solutions, stable and unstable, 
even for symmetric heating. Above and below these intervals the solution is unique, and above the flow 
distribution is always uniform. Generally for asymmetrical heating, the greatest flows occur in less hot 
pipes or without heating, which is an undesirable situation. To eliminate asymmetric distribution 
conditions, some authors have proposed to incorporate control valves at the inlet of each pipe, however, 
inlet pressure increases requiring extra pumping power.  
 
In the referred studies [2-7] the considered warming in each pipe has been of uniform type. This paper 
presents a preliminary study of the solar concentrating effect on the mass flow distribution in a two 
parallel pipeline system for DSG, for symmetric and asymmetric heating, using RELAP commercial 
simulator which has been applied for DSG studies [9, 10]. 
 
 
2. Mathematical model and RELAP capabilities 
Two phase flow follows all fluid mechanic laws, nevertheless, equations become more complicated and 
numerous. Mathematical models to study multiphase flow can be classified considering: 1) the grade of 
sophistication and 2) the information that is necessary to describe the flow. The principal used 
mathematic models to analyse two phase flow are the homogeneous model, the Drift-flux model and the 
two-phase flow model. RELAP is a simulator that has been accepted around the world as one of the 
principal tools to analyse light water reactors (LWR). Its hydrodynamic model is one-dimensional and 
transient; it is based on a two phase flow model for a mixture of water-steam, which can contain a non-
condensable component in the gas phase or a soluble component in the liquid phase. The model that 
RELAP uses can be found into its user manual [11].The two-phase flow model equations are formulated 
in terms of space and time averaged properties. To solve the equations system, RELAP uses two kinds of 
schemes, a semi-implicit scheme and a nearly implicit scheme. In this study a semi-implicit scheme was 
used. 
 
3. RELAP validation   
RELAP was validated with experimental data from DISS system located at the Plataforma Solar de 
Almería (Tabernas, Spain) [1]. Table 1 shows the experimental data that were used for the validation. 
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Table 1. DISS operating conditions 
Description Magnitude 
  
Day Q (W/m2) 
Pout 
(MPa) 
Tin 
(°C) 
Win 
(kg/s) 
14/05/2003 887.26 10.98 249.3 0.615 
22/05/2003 917.81 6.105 241.5 0.657 
21/05/2003 865.02 3.455 198.1 0.581 
 
Figure 1 shows a comparison between the experimental and numerical pressure profile for 10, 6 and 3 
MPa. For 10 MPa some differences can be appreciated between both studies. The biggest difference 
occurs at 150 m, where there is a mixture of water-steam. As the void fraction increases, the profiles 
approach to each other, being smaller the difference between them. The maximum difference is of 
0.314%. For 6 MPa there is a small difference between the pressure profiles at the liquid region, and as 
the region of mixture begins, both profiles tend to approach to each other. The maximum difference is of 
0.627%. For 3 MPa there is a difference between both profiles at the inlet of the pipe, eventually at 
mixture region both pressure profiles tend to approach to each other as the same way as for 6 MPa, 
nevertheless, at the end of the mixture region, both profiles go far to each other again, and as they 
approximate to the pipe outlet, they become to be closer. The maximum difference is 1.85%. 
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Figure 1. Pressure profile along the pipe. a) 10 MPa, b) 6 MPa and c) 3 MPa. 
 
RELAP presents some differences with respect to the experimental data, however they are small, then we 
can say that RELAP has a good agreement with experimental data from Plataforma Solar de Almería. 
 
4. Heating distribution effect on water-steam flow through parallel pipes 
 
We consider a two-parallel pipe system (Fig. 2) with two different forms of incident solar radiations given 
as: 1) uniform heating distribution (UHD), and 2) heating with concentration (HC). In the first case the 
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heat flow is uniformly distributed over the absorber pipe perimeter; while for the second case the most of 
heat flow is at the pipe bottom section (see Fig. 2). For example, a concentration of 90/10 means that 90% 
of total heat flow takes place at the zone with concentration, while the remaining 10% does it in the zone 
without concentration. In addition, symmetrical (equal heat flow at the absorber pipes) and asymmetrical 
(different heat flow at the absorber pipes) heat flows are assumed. 
 
 
 
Figure 2. Physical model for a two parallel pipe system. 
 
The modelling conditions of the system are shown in Table 2. 
 
Table 2. Modelling conditions 
Description Magnitude 
Heat flow (Q) 850 W/m2
 
Collector Aperture 5.76 m 
Outlet Pressure (Pout) 3 MPa 
Inlet Temperature (Tin) Water at 25 ºC 
Total efficiency 73 % 
 
In the system we do not consider direction changes in the pipes and the heat flow in the pipe wall is 
assumed to be radial.Table 3 shows the heating boundary condition that has been studied.  
 
Table 3. Heat flow distribution 
Perimeter distribution 
    Heating at each pipe (%) 
Right pipe  
(QR) 
Left pipe 
(QL) 
     UHD  
100 100 
100 95 
100 90 
100 80 
HC  (90/10 y 80/20, 
see Fig. 2) 
100 100 
100 95 
100 90 
100 80 
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4.1 Symmetrical heating  
4.1.1 Uniform heating distribution (UHD)  
 
In Figure 3 inlet pressure and the splitting ratio, as function of the inlet mass flow rate, are shown. Results 
are for even heating and uniform distribution. 
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Figure 3. Inlet pressure and splitting ratio. QR=QL=850 W/m2. 
 
Figure 3 shows that the splitting ratio tends to be symmetric, so the inlet pressure trajectory is like that for 
a single pipe [3]. For this operation conditions RELAP is only able to predict a symmetric splitting ratio, 
yielding hot liquid at the outlet (W≥3.55), a mixture water-steam (1.575≤W≤3.55), or overheated steam 
for a lower inlet mass flow rate. 
 
4.1.2 Heating with concentration (HC) 
 
Figure 4 shows the flow splitting ratio and inlet pressure for two parallel pipes with even heating and a 
concentration of 90/10 and 80/20. 
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Figure 4. Flow splitting ratio and inlet pressure for even heating with concentration of 90/10 y 80/20. QR=QL=850 W/m2: a) HC de 
90/10, b) HC de 80/20 and c) HC de 90/10 y 80/20. 
 
For a heat flow with a concentration of 90/10, we can see from Figure 4 that RELAP is able to find only 
one symmetric solution of flow splitting ratio. However, for a concentration of 80/20, the solutions that 
were found for inlet mass flow rate of 1.1 kg/s and 0.9 kg/s are a little asymmetric, yielding overheated 
steam at the outlet of one pipe and a water-steam mixture at another. In addition, as the splitting ratio 
tends to be asymmetric, the inlet pressure is a bit bigger. A comparison between both cases of 
concentration was made, and it was found that for the interval of inlet mass flow rate that was analyzed, 
the inlet pressure is the same, except for the asymmetric solutions. 
 
Figure 5 shows a comparison between the inlet pressure for UHD and HC. The solution that has been 
obtained is really similar for both cases (UHD and HC), showing only a small difference in the inlet 
pressure when the splitting ratio tends to be asymmetric for HC at 80/20.  
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Figure 5. Inlet pressure vs. mass flow rate. UHD and HC. QR=QL=850 W/m2. 
 
4.2 Asymmetrical heating  
4.2.1 Uniform heating distribution (UHD)  
 
Figure 6 presents the splitting ratio and inlet pressure for asymmetrical heat flow with UHD. Three cases 
are considered. It shows that for asymmetrical heat flow of 100-80% and 100-90%, RELAP is able to 
simulate an inlet mass flow rate bigger than 3.0 kg/s. It is not capable to model heat losses to the 
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surroundings, so for a smaller inlet mass flow rate, the temperature increases quickly, becoming at unreal 
values. When the inlet mass flow rate is bigger than 3.6 kg/s, the splitting ratio is nearly symmetric. 
However, if the mass flow rate is lower than 3.6 kg/s, the splitting ratio solution begins to be asymmetric, 
and most of liquid tends to flow in the pipe which absorbs less heat, yielding hot liquid in this pipe and a 
mixture water-steam in the other one. This is an unfavorable conclusion for DSG. 
 
For asymmetrical heat flow of 100-95% (c), RELAP is able to model an inlet mass flow rate bigger than 
2.8 kg/s, it shows that as more asymmetric tends to be the heat flow as faster the splitting ratio tends to be 
asymmetric, increasing as the inlet mass flow rate is smaller. In this case for an inlet mass flow rate lower 
than 3.4 kg/s, the splitting ratio begins to be asymmetric. 
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Figure 6. Inlet pressure and splitting ratio for asymmetric heating: a) QR=850 W/m2 and QL=680 W/m2, b) QR=850 W/m2 and 
QL=765 W/m2 and c) QR=850 W/m2 and QL=807.5 W/m2. 
 
4.2.2 Heating with concentration (HC) 
 
In Figures 7 and 8 are shown the inlet pressure and splitting ratio for asymmetrical heat flow with HC. 
Two cases of concentration are considered, 90/10 and 80/20, furthermore three cases of asymmetrical 
heat flow are considered: a) 100-95%, b) 100-90% and 100-80%. 
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Figure 7. Inlet pressure and splitting ratio for HC (90/10): a) QR=850 W/m2 , QL=680 W/m2, b) QR=850 W/m2 , QL=765 W/m2 ,and 
c) QR=850 W/m2 ,QL=807.5 W/m2. 
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Figure 8. Inlet pressure and splitting ratio for HC (80/20): a) QR=850 W/m2 ,QL=680 W/m2, b) QR=850 W/m2 , QL=765 W/m2 , and 
c) QR=850 W/m2 ,QL=807.5 W/m2. 
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Figure 9 shows the comparison between the inlet pressure and splitting ratio flow for asymmetrical heat 
flow with UHD and with HC. 
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Figure 9. Inlet pressure and splitting ratio: a) QR=850 W/m2 ,QL=680 W/m2, b) QR=850 W/m2 ,QL=765 W/m2 , and c) QR=850 W/m2 
, QL=807.5 W/m2. 
 
For an asymmetrical heat flow of 100-80% and 100-90%, it is show that the flow splitting ratio and the 
inlet pressure for HC (90/10 and 80/20) are the same than for UHD. Nevertheless, for an asymmetry of 
100-95%, the inlet pressures are a bit bigger (2.8 and 3.0 kg/s) for UHD than for HC. 
 
5. Conclusions and recommendations 
 
The heat flow concentration does not affect in a considerable way the pressure drop; however, it could 
affect the flow pattern transition along the pipe (s). The splitting ratio shows that as the HC is smaller, 
smaller will be the inlet mass flow rate interval at which the splitting ratio is nearly symmetric. In 
addition, if the heat flow at the system becomes more asymmetric, more asymmetric flow distributions 
will be present, so the inlet mass flow rate interval that RELAP will be able to modelling will be smaller. 
 
It was found that the pressure profiles obtained by RELAP for each operation condition (3, 6 and 10 MPa) 
have good approximation to experimental data from the DISS system of Plataforma Solar de Almería. 
The biggest difference is of 1.85% for an operation pressure of 3 MPa. Despite of we did not validate 
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with temperature and flow patterns data, [9,10] have reported that RELAP present good approximation to 
this parameters. 
 
For symmetrical heat flow, RELAP is able to find only a nearly symmetric splitting ratio, so the inlet 
pressure profile is like that reported for a single pipe [2]. Nevertheless, as the heat flow becomes more 
asymmetric, the inlet mass flow rate interval is smaller and the splitting ratio is almost equal. 
 
We have found that RELAP presents some limitations when the splitting ratio tends to be asymmetric, so 
it is necessary to make more studies, which can allow us to determine if RELAP is an adequate numerical 
tool to modeling parallel pipe systems to DSG. In addition, is important to say that to take into count the 
heat losses towards the surroundings could affect in a considerable way the system behavior. 
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